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Structural  behaviors  of  four  Mn02  allotropes  are  investigated  by  in  situ  synchrotron  X-ray  diffraction 
analyses  upon  charge/discharge  cycling  in  LiCl  and  KC1  aqueous  media.  During  the  anodic/cathodic  scans 
of  the  2D  birnessite  electrode,  the  interlayer  spacing  respectively  extend/contract  along  the  z  direction  by 
-0.2  A.  This  behavior  is  associated  to  electrostatic  attractive  forces  between  charged  framework  layers 
and  hydrated  electrolyte  cations.  In  contrast,  the  oxidation/reduction  of  the  3D  spinel  electrode  lead 
to  the  contraction/swelling  of  (1 1 1 )  crystalline  planes  by  -0.05  A.  Manganese-oxygen  distance  changes 
induced  by  Mn(III)/Mn(IV)  redox  reactions  are  assigned  to  such  a  mechanism.  Structural  characterizations 
are  focused  on  the  (0  0  2),  (2  1  1 ),  (1  1  0)  and  (2  0  0)  planes  for  Mn02  cryptomelane,  while  (0  0  2)  and  (2  0  0) 
planes  for  Mn02  OMS-5.  The  ID  cryptomelane  and  OMS-5  electrodes  also  exhibit  contraction/swelling 
processes  of  their  structures  upon  discharge/charge  cycling  associated  to  deintercalation/intercalation 
of  hydrated  electrolyte  cations  in  their  channels,  respectively,  driven  by  size/steric  constraints. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Electrochemical  supercapacitors  are  gaining  more  interest  as 
complementary  charge  storage  devices  in  various  applications  that 
especially  require  peak  power  pulses  [1-5].  Numerous  compounds 
were  investigated  as  possible  supercapacitor  materials  and  man¬ 
ganese  dioxides  are  certainly  among  the  most  attractive  candidates 
[5-7].  This  is  mainly  due  to  their  low  cost,  environmental  com¬ 
patibility  and  appropriate  electrochemical  performances  [8-10]. 
The  chemistry  of  Mn02  is  abundant  with  a  variety  of  structural 
types  [1 1  ].  In  the  field  of  supercapacitors,  the  structural  complexi¬ 
ties  exhibited  by  the  ID,  2D  or  3D  arrangement  of  Mn02  materials 
result  in  various  charge-storage  performances  [12].  It  was  recently 
demonstrated  that,  in  contrast  with  the  usual  assumption,  the 
electrochemical  performance  of  Mn02  based  electrodes  was  not 
dependent  on  the  specific  surface  area  neither  on  the  electronic 
conductivity  [12].  However,  among  a  series  of  seven  distinct  Mn02 
allotropes  including  ID  pyrolusite,  ramsdellite,  cryptomelane,  Ni- 
todorokite  and  Octahedral  Molecular  Sieves  (OMS-5),  2D  birnessite 
and  3D  spinel,  specific  capacitances  were  found  to  strongly  corre¬ 
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late  with  the  corresponding  ionic  conductivity,  which  obviously 
rely  on  the  microstructure  and  more  precisely  on  cavity  size  and 
connectivity.  It  was  also  shown  that  the  specific  capacitance  of 
Mn02  is  enhanced  with  the  dimensionality  of  the  structure  from 
the  ID  to  3D  arrangements,  while  in  the  ID  group  the  highest 
capacitance  was  reached  with  the  largest  channel  size  [12].  More¬ 
over,  Brousse  et  al.  showed  that  the  material  bulk  of  birnessite-like 
Mn02  mostly  contributes  to  the  electrochemical  performance,  and 
that  its  crystalline  microstructure  leads  to  insertion/extraction 
processes  of  cations  present  in  the  electrolyte  solution  [13].  Never¬ 
theless,  studies  dealing  with  the  microstructure  behaviors  during 
the  charge  storage  process  of  Mn02-based  electrodes  are  rather 
scarce  [14-16].  The  insertion/extraction  of  protons  (H+)  and  elec¬ 
trolyte  cations  (C+)  into/from  the  bulk  structures  involved  during 
the  charge/discharge  of  Mn02-based  electrodes  may  be  described 
by  the  following  reactions  [6,17]: 

Mn02  +  H+  +  e-  +>  MnOOH  ( 1 ) 

Mn02  +  C+  +  e“  +>  MnOOC  (2) 

where  C+  =  K+,Li+. 

Using  synchrotron  X-ray  diffraction  measurements  on  a  disor¬ 
dered  structure  close  to  Akhtenskite  (8-Mn02),  Kuo  and  Wu  found 
the  d-spacings  of  all  reflections  to  expand  upon  the  cathodic  scan 
(charge  process),  while  they  all  contract  during  the  anodic  scan 
(discharge  process)  [6].  This  reversible  swelling  was  definitively 
assigned  to  volumetric/steric  origins  and  namely  the  insertion 
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(respectively  desinsertion)  of  hydrated  alkali  cations  from  the 
electrolyte  into  the  lattice  to  cause  the  swelling  (respectively 
contraction)  as  charge  changes  induced  by  Mn(IV)/Mn(III)  redox 
reactions  are  balanced  thanks  to  the  electrolyte  cations  [6].  Accord¬ 
ingly,  such  a  structural  breathing  was  expected  to  be  universal  to 
all  crystallographic  directions,  and  it  was  indeed  observed  to  be  so 
[6]. 

The  scope  of  the  present  paper  is  to  get  a  better  insight 
into  the  origin  of  these  experimental  evidences  by  perform¬ 
ing  in  situ  synchrotron  X-ray  diffraction  studies  on  four  Mn02 
allotropes:  cryptomelane,  OMS-5,  birnessite  and  spinel.  Diffraction 
data  collected  during  the  electrochemical  charge/discharge  of  these 
Mn02 -based  electrodes  are  aimed  to  assign  eventual  pattern  fea¬ 
ture  changes  to  microstructural  transformations  associated  to  the 
corresponding  electrochemical  mechanism  and  induced  ion  move¬ 
ments  through  the  material  structure.  These  four  selected  Mn02 
phases  showed,  in  our  previous  work,  remarkable  electrochemi¬ 
cal  performances  with  capacitances  at  125  Fg_1  for  cryptomelane, 
217 Fg_1  for  OMS-5,  225 Fg-1  for  birnessite  and  241  Fg-1  for 
spinel  [12].  As  for  other  Mn02  allotropes,  their  structures  are 
built  on  Mn06  octahedral  units  sharing  corners  and/or  edges: 
Mn02  cryptomelane  and  OMS-5  shows  2x2  and  2  x  4  ID  chan¬ 
nels,  respectively.  The  birnessite  form  is  a  layered  2D  structure 
while  Mn02  spinel  is  a  compact  3D  cubic  structure.  Despite 
these  drastic  differences  in  their  structural  arrangements  (Fig.  1), 
capacitances  were  found  in  the  same  range  as  for  their  correspond¬ 
ing  ionic  conductivities.  On  the  other  hand,  their  corresponding 
cyclic  voltammogram  (CV)  signatures  display  such  specific  fea¬ 
tures  that  the  observed  performances  are  suspected  to  originate 
from  distinct  electrochemical  mechanisms.  Although  OMS-5  and 
cryptomelane  are  both  sharing  a  ID  structure,  their  CVs  are 
completely  different,  suggesting  again  distinct  electrochemical 
mechanisms. 

The  present  work  presents  a  detailed  study  of  the  relation¬ 
ship  between  the  electrochemical  behaviors  and  the  evolution  of 
crystalline  structures  of  Mn02  birnessite,  spinel,  cryptomelane  and 
OMS-5.  Cyclic  voltammetry  (CV)  experiments  were  used  to  inves¬ 
tigate  the  electrochemical  properties  of  Mn02 -based  electrodes. 
In  situ  synchrotron  XRD  measurements  were  performed  at  vari¬ 
ous  oxidized  and  reduced  stages  of  Mn02  materials  to  follow  their 
microstructural  changes  during  charge/discharge  cycles.  The  struc¬ 
tural  properties  are  also  discussed  in  relation  to  the  nature  of  the 
exchanged  cations  present  in  the  pristine  material  as  well  as  in  the 
electrolyte  aqueous  solution. 


2.  Experimental 

All  chemical  reagents  were  analytical  grade  and  have  been  used 
as  purchased  without  further  purification.  Several  techniques  were 
employed  in  order  to  prepare  a  set  of  manganese  dioxides  show¬ 
ing  various  microstructures.  The  synthesis  methods  are  described 
below.  All  aqueous  solutions  were  prepared  using  de-ionized  water 
(18  M^,  obtained  from  an  ELGALabWater  de-ionized  system). 


2.1.  Synthesis  ofMn02  Na-birnessite  [18] 

An  aqueous  solution  (A)  was  prepared  by  dissolving  0.04  mol 
of  KMn04  (99%,  Aldrich)  and  1.2  mol  of  NaOH  (ACS  grade,  VWR) 
in  400  mL  of  water.  Afterward,  another  aqueous  solution  (B)  was 
prepared  by  dissolving  0.1 12  mol  of  MnCl2-4H20  (99%,  Aldrich)  in 
400  mL  of  water.  Solution  B  was  added  dropwise  to  solution  A  with 
vigorous  stirring  in  an  ice  bath.  The  resulting  precipitate  was  stat¬ 
ically  aged  at  room  temperature  for  1  day  and  then  washed  and 
dried  at  90  °C. 


2.2.  Synthesis  ofMn02  N a- cryptomelane  [19] 

The  cryptomelane  powder  was  prepared  from  the  ignition  in  air 
of  Mn02  Na-birnessite  at  400  °C  for  60  h. 

2.3.  Synthesis  of  Mn02  Na-OMS-5  [18] 

The  Na-birnessite  powder  (0.5  g)  was  autoclaved  at  1 80  °C  for  2 
days  with  lOOmL  of  0.1  M  NaOFI  aqueous  solution  giving  the  title 
compound. 

2.4.  Synthesis  ofMn02  H-spinel  [13] 

Firstly,  as  Mn02  spinel  precursor,  LiMn204  was  prepared  as 
follows:  LiN03  (99%,  Fisher  Scientific)  and  Mn(N03)2-2H20  (ACS 
grade,  Fisher  Scientific)  (molar  ratio  1 :2)  were  dissolved  in  a  mix¬ 
ture  of  citric  acid  (ACS  grade,  Aldrich)  and  ethylene  glycol  (ACS 
grade,  Aldrich)  (molar  ratio  1 :4).  The  solution  was  heated  at  90  °C 
for  30  min  and  the  temperature  was  subsequently  increased  to 
140°C  in  order  to  trigger  esterification  and  remove  the  ethylene 
glycol  excess.  This  solution  was  heated  at  180°C  under  vacuum 
and  a  pale  brown  powder  was  obtained.  The  resulting  powder  was 
annealed  at  250  °C  in  air  leading  to  LiMn204.  Finally,  the  spinel 
phase  was  synthesized  by  hydrolyzing  LiMn204  in  a  0.5  M  HC1  (ACS 
grade,  Aldrich)  aqueous  solution  for  24  h  at  ambient  temperature. 

2.5.  Preparation  of  electrodes  and  XRD  characterization 

The  electrodes  for  synchrotron  XRD  analyses  were  made  of 
the  mixture  of  Mn02  particles  and  conductive  carbon  black 
(VULCAN  XC72,  Cabot  Corp.,  USA)  with  a  weight  ratio  of  8:2. 
Poly(tetrafluoroethylene)  (PTFE)  (5wt%)  was  used  as  the  binder 
and  Ti  mesh  was  used  as  the  current  collector.  The  electrodes  were 
finally  dried  at  120  °C  for  6  h  in  vacuum.  Analyses  were  conducted 
with  the  beam  line  01 -C2  facilities  of  the  National  Synchrotron 
Radiation  Research  Center  (NSRRC)  in  Taiwan. 

The  synchrotron  XRD  instrument  setup  is  shown  in  Fig.  A.l  a,  and 
the  construction  of  the  electrochemical  cell  for  the  in  situ  study 
is  illustrated  in  Fig.  A.lb.  The  main  body  of  the  cell  was  made  of 
acrylics,  and  the  two  sides  of  the  cell  were  perforated  and  then 
sealed  with  Kapton  foils  in  order  to  allow  the  probing  beam  to  pass 
through  the  cell.  The  X-ray  wavelength  of  0.0775  nm  was  used.  The 
patterns  were  acquired  during  the  course  of  a  cyclic  voltammetric 
scan  running  at  a  scan  rate  of  0.2  mV  s-1  between  0.0  and  1.0  V  (vs 
Ag/AgCl/sat.  KCl(aq) ),  and  they  were  recorded  by  a  curved  translat¬ 
ing  imaging  plate  (Fuji  BAS2500)  with  the  sample-to-film  distance 
of  280  mm.  Two-dimensional  data  were  converted  using  the  FIT2D 
program. 

3.  Results  and  discussion 

3.1.  Crystallographic  microstructures 

Crystallographic  structures  of  studied  Mn02  phases  are  depicted 
in  Fig.  1.  XRD  measurements  were  used  as  a  qualitative  tool  for 
phase  identification  (Fig.  A.2).  The  identification  of  crystalline  sys¬ 
tems,  space  groups  and  lattice  parameters  of  each  prepared  Mn02 
phase  was  previously  detailed  [  1 2  ].  In  the  present  work,  in  situ  syn¬ 
chrotron  XRD  characterizations  will  focus  on  the  peak  series  among 
all  reflections  of  each  Mn02  powder,  showing  changing  diffraction 
characteristics  (d-spacing)  upon  voltammetric  cycling.  As  an  exam¬ 
ple  of  resulting  data,  Fig.  2  depicts  a  series  of  diffraction  patterns 
taken  in  situ  using  1  M  LiCl  as  supporting  electrolyte  and  showing 
the  reversible  shift  of  the  Mn02-birnessite  (0  01)  peak  at  various 
charge/discharge  states.  On  the  other  hand,  some  other  peaks  expe¬ 
riencing  any  changes  can  eventually  be  identified  and  assigned  to 
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Fig.  1.  Crystallographic  structures  of  Mn02  birnessite  (a),  spinel  (b),  cryptomelane  (c-e)  and  OMS-5  (f)  together  with  selected  characteristic  crystal  planes  and  distances. 


d-spacing  (A) 


Fig.  2.  Evolution  of  the  (001)  Bragg  peak  of  Mn02  birnessite-based  electrode  during 
the  course  of  a  CV  scan  in  1  M  LiCl.  The  potential  was  stopped  at  each  of  the  indicated 
values  for  2  min  for  data  collection. 


plane  distances  remaining  upon  cycling.  These  latter  will  not  be 
discussed  in  the  next  sections.  For  Mn02  birnessite  (Fig.  la),  the 
study  of  the  2D  layered  structure  is  then  based  on  the  (0  01)  and 
(110)  reflections  planes.  The  structural  investigation  of  3D  inter¬ 
connected  tunnels  of  Mn02  spinel  (Fig.  lb)  is  carried  out  following 
the  (111)  peak.  The  study  of  the  1 D  channels  arrangement  of  Mn02 
cryptomelane  (Figs,  lc-e)  and  Mn02  OMS-5  (Fig.  If)  are  based  on 
their  corresponding  (0  0  2)  and  (2  0  0)  peaks.  In  the  case  of  Mn02 
cryptomelane,  the  peak  follow-up  also  concerns  the  (110)  and 
(2  1 1 )  diffractions  (Fig.  Id  and  e). 

3.2.  Cyclic  voltammetry  results 

CV  curves  of  Mn02-based  electrodes  measured  in  the  in  situ  XRD 
setup  in  1  M  KCl  and  1  M  LiCl  are  presented  in  Fig.  3.  Significant 
differences  in  behavior  are  observed  for  the  four  electrodes.  The 
typical  rectangular  shape  of  pseudocapacitive  behaviors,  where  the 
current  flow  is  independent  of  the  electrode  potential,  is  observed 
for  the  spinel  phase  only  in  KCl  electrolyte  (Fig.  3a,  red  curve).  In  this 
case,  the  onsets  of  oxygen  evolution  and  Mn02 -catalyzed  oxygen 
reduction  reaction  are  observed  at  the  most  positive  and  nega¬ 
tive  potentials,  respectively.  The  broad  peak  located  at  0.1  V  on  the 
anodic  scan  can  be  assigned  to  oxygen  reduction  catalyzed  by  the 
spinel  [20-22].  The  CV  profile  of  Mn02  spinel  is  slightly  different 
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potential  (V  vs.  Ag/AgCI) 


Fig.  3.  CV  curves  of  different  Mn02  composite  electrodes  recorded  at  5  mV  s-1  in  aqueous  1  M  KC1  (a)  and  1  M  LiCl  (b).  (For  interpretation  of  the  references  to  color  in  the 
text,  the  reader  is  referred  to  the  web  version  of  the  article.) 


in  LiCl  electrolyte  wherein  redox  waves,  of  low  current  intensities, 
are  exhibited  (Fig.  3b,  red  curve).  In  fact,  quasi-reversible  redox 
waves  are  observed  at  0.84  V,  in  addition  to  a  new  cathodic  wave 
appearing  at  about  0.1  V.  The  main  difference  in  CV  profiles  should 
be  related  to  the  two  distinct  ionic  radii  of  K+  and  Li+  in  crys¬ 
tals  (I<+  radius  >Li+  radius)  [23].  The  reaction  of  Mn02  electrodes 
in  K+  containing  solutions  was  assumed  to  be  a  proton-electron 
mechanism  due  to  the  larger  radius  of  K+  in  crystal  [24].  While 
for  Li+  containing  solutions,  cation  intercalation/deintercalation 
reaction  can  be  envisioned  [25].  The  reaction  of  Mn02  spinel 
electrode  in  LiCl  solution  should  be  considered  as  a  reversible  inser¬ 
tion/extraction  of  Li+  in  the  small  cavities  with  charge  transfer  at 
the  electrode/electrolyte  interface,  as  ascribed  by  the  following 
reaction  [25]: 

Mn02  +xLi+  +xe-  LixMn02  (3) 

For  the  birnessite,  cryptomelane,  and  OMS-5  electrodes,  the 
shapes  of  CV  curves  exhibit  more  or  less  pronounced  redox  waves. 
In  the  presence  of  KCl  electrolyte,  the  birnessite  curve  shows  anodic 
and  cathodic  waves  centered  at  about  0.60  and  0.52  V,  respectively 
(Fig.  3a,  black  curve).  They  were  associated  to  faradic  reactions 
occurring  during  the  charge  storage  mechanism  [12].  Brousse  et  al. 
assigned  the  redox  waves  of  layered  manganese  dioxides  to  the 
deintercalation  of  electrolyte  cation  upon  Mn3+  oxidation  and  the 
cation  intercalation  upon  Mn4+  reduction  [13].  On  the  other  hand, 
the  birnessite  curve  recorded  in  the  presence  of  LiCl  electrolyte 
exhibit  anodic  and  cathodic  peaks  at  0.82  and  0.54  V,  respectively 
(Fig.  3b,  black  curve).  The  potential  difference  between  the  two 
peaks  indicates  the  existence  of  energy  barrier  associated  with 
the  transformation  between  cation-rich  and  -lean  domains  within 
the  oxide  matrix.  For  the  cryptomelane  electrode  in  KCl  elec¬ 
trolyte  (Fig.  3a,  blue  curve),  the  CV  curve  shows  two  reversible 
redox  anodic  waves  centered  at  0.28  and  0.80  V  (and  correspond¬ 
ing  cathodic  waves  at  roughly  the  same  potentials).  Flowever,  in 
LiCl  electrolyte,  the  cryptomelane  curve  indicates  the  presence  of 
three  anodic  waves  at  0.24, 0.54  and  0.80  V,  while  only  two  cathodic 
waves  at  0.47  and  0.13  V  (Fig.  3b,  blue  curve).  These  results  sug¬ 
gest  that  the  redox  reaction  mechanisms  of  Mn02  cryptomelane 
in  KCl  and  LiCl  should  be  quite  different.  The  CV  curve  of  Mn02 
OMS-5  shows  an  anodic  wave  centered  at  about  0.57  and  0.65  V, 
in  the  presence  of  KCl  and  LiCl,  respectively  (Fig.  3a  and  b,  green 
curve).  When  the  potential  is  reversed,  a  cathodic  hump  is  exhib¬ 
ited  at  0.45  V  in  both  electrolyte  solutions.  These  waves,  observed 
on  the  cryptomelane  and  OMS-5  curves,  are  assigned  to  reversible 
faradic  reactions  in  the  complex  manganese  redox  system  but  pre¬ 
cise  assignations  are  still  under  investigation. 


3.3.  Mn02  Na-birnessite 

The  formation  of  the  2D  layered  structure  of  Mn02  Birnes¬ 
site  (JCPDS  43-1456)  is  confirmed  by  the  presence  of  main  peaks 
at  d-spacings  =  7.0  (001),  3.5  (002),  2.4  (1  10)  and  1.4A  (119) 
(Fig.  A.2).  As  mentioned  above,  among  these  diffraction  peaks,  only 
the  peaks  corresponding  to  (0  0 1 )  and  (0  0  2)  reflection  planes  show 
d-spacing  changes  upon  cycling  while  others,  including  the  (110) 
peak  (Figs.  A.3  and  A.4),  remain  unchanged.  (001)  and  (110)  peaks 
correspond  to  the  interlayer  distance  along  the  z  direction  (c  axis) 
and  Mn-Mn  distances  from  edge-sharing  Mn06  octahedra  building 
the  layer,  respectively.  For  obvious  reason,  (0  0  2)  d-spacing  shifts 
will  not  be  discussed.  In  contrast,  Fig.  4  shows  the  evolution  of  the 
birnessite  interlayer  distance  during  the  voltammetric  cycling  in 
1  M  LiCl  (open  circles)  or  KCl  (plain  circles)  solution.  The  dashed 
line  at  7.0  A  corresponds  to  the  interlayer  distance  measured  for 
the  as  prepared  birnessite  dry  powder.  The  immersion  of  the  elec¬ 
trode  into  the  electrolyte  solution  results  in  an  obvious  swelling 
of  the  interlayer  space  at  open  circuit  voltage  (OCV).  From  dry 
state,  the  interlayer  distance  increases  by  +0.9%  in  aqueous  LiCl  and 
+1.3%  in  aqueous  KCL  Such  a  behavior  results  from  a  spontaneous 
insertion  of  Li+  or  K+  hydrated  cations  (and  eventually  Cl-  anions 
and  H20  molecules)  in-between  the  layers.  The  interlayer  distance 
in  birnessite  can  then  be  considered  as  resulting  from  an  electro¬ 
static  balance  between  negatively  charged  layers  and  intercalated 
hydrated  cations.  The  interlayer  spacing  of  the  birnessite  (>7A)  is 


Fig.  4.  Variation  of  the  (001)  Bragg  peak  of  Mn02  birnessite-based  electrode  during 
the  course  of  a  CV  scan  recorded  in  the  presence  of  1  M  KCl  or  LiCl  aqueous  solutions. 
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|f|  Li+  (H20)x 


Fig.  5.  Schematics  showing  the  electrostatic  effect  of  intercalated/deintercalated  hydrated  cations  between  Mn02  layers  in  birnessite. 


significantly  larger  than  the  sizes  of  proton  (3.4  A  for  H30+)  and 
alkali  cations  (2.25  A  for  Li(H20)4  and  2.92  A  for  K(H20)4+  for  1M 
LiCl  and  KC1  solutions  respectively)  [26]  as  well  as  water  molecules 
(2.8  A)  from  the  electrolyte  solution.  Thus,  there  is  enough  space 
for  species  to  move  in  and  out  within  the  layers. 

As  shown  in  Fig.  4,  in  both  electrolytes,  the  (001)  d-spacing 
increases  with  increasing  the  potential  during  the  anodic  scan 
(discharge  process)  and  then  contract  back  to  its  original  value 
at  the  end  of  the  cathodic  scan  (charge  process).  This  strongly 
contrasts  with  the  changes  in  the  d-spacings  observed  in  disor¬ 
dered  Akhtenskite,  which  shows  contraction  upon  discharge  [6], 
but  fits  well  with  what  was  previously  observed  in  birnessite-like 
layered  Mn02  materials  [14,15].  In  those  cases,  the  changes  were 
assigned  to  volumetric/steric  origins  associated  to  cation  deinter¬ 
calation/intercalation  [6,16,27,28].  The  existence  of  a  reversible 
deintercalation/intercalation  process  of  Na+  cations  from/into  the 
birnessite  lattice  during  electrochemical  discharge/charge  was 
demonstrated  in  aqueous  electrolytes  by  energy  dispersive  X-ray 
(EDX)  and  ex  situ  X-ray  diffraction  [14,15].  Previous  studies  sug¬ 
gested  that  the  decrease  in  Na+  amount  in  the  structure  upon 
discharge  is  simultaneously  compensated  by  the  intercalation  of 
H20  molecules  inducing  an  increase  of  the  interlayer  spacing 
[14,27,28].  In  the  same  way,  the  increase  in  Na+  amount  in  the 
structure  observed  upon  reduction  was  associated  to  the  desin- 
tercalation  of  H20  molecules  and  consequently  to  the  shrinkage  of 
Mn02  interlayer  spacing  [29,30]. 

Compared  with  literature  data  [14,1 5],  the  present  observations 
on  birnessite  electrode  behavior,  especially  its  d-spacing  variations, 
are  believed  to  result  from  another  origins.  The  average  contraction 
for  AV=  1.0  V  is  about  0.2  A  (Fig.  4),  which  is  considerably  greater 
than  the  d-spacing  variation  that  could  arise  from  volumetric  con¬ 
siderations,  as  observed  elsewhere  for  Mg-doped  Na-birnessite 
powder  [14].  A  schematic  cartoon  of  the  observed  “breathing”  of 
the  birnessite  structure  is  given  in  Fig.  5.  As  cations  are  interca¬ 
lated  into  the  space  between  Mn02  layers  during  the  cathodic  scan 
(or  charge  process),  increased  overall  electrostatic  attraction  forces 
cause  the  (001)  d-spacing  to  contract.  Because  of  the  low  elec¬ 
tronic  conductivity  at  58  x  10-7  S  cm-1  of  birnessite  (the  lowest  in 
the  studied  Mn02  allotrope  series)  [12],  the  charge  percolation  is 
limited  through  the  electrode  material.  The  increase  in  the  negative 
charge  supported  by  the  layers  during  the  charge  process  enhances 
the  observed  electrostatic  effect.  On  the  other  hand,  the  spacing 
expands  during  the  anodic  scan  when  cations  between  the  layers 
are  expelled  out  of  the  structure  and  negative  charges  on  the  layers 
decreases. 


Nevertheless,  some  differences  between  KC1  and  LiCl  elec¬ 
trolytes  can  be  pointed  out  in  Fig.  4:  in  KCl  electrolyte  solution, 
the  maximum  variation  in  d-spacing  is  relatively  smaller  in  KCl 
(0.1 80  A)  than  in  LiCl  solution  (0.21 6  A).  This  clearly  confirms  the 
charge  storage  mechanism  in  birnessite  as  electrostatically  rather 
sterically  driven:  K+(H20)4  is  larger  than  Li+(H20)4  (2.92  A  vs. 
2.25  A),  and  hence  K+(FI20)4  presents  a  smaller  charge  density, 
leading  to  smaller  electrostatic  attractive  forces  with  Mn02  layers. 

On  the  other  hand,  in  both  electrolytes,  the  birnessite  struc¬ 
ture  does  not  experience  any  structural  changes  at  the  beginning  of 
both  anodic  and  cathodic  scans.  (0  0 1)  d-spacings  remain  at  7.06  A 
and  7.09  A  in  LiCl  and  KCl,  respectively,  up  to  0.4-0.6V  and  then 
strongly  increase  up  to  7.27  A  at  1 V  during  the  anodic  scan.  At  the 
beginning  of  the  cathodic  scan,  they  remain  at  7.27  A  up  to  0.6  V 
before  decreasing  down  to  initial  values  back  to  0  V.  As  a  matter 
of  fact,  these  potential  limits  match  the  onset  potentials  of  the  two 
waves  corresponding  to  the  birnessite  Mn4+/Mn3+  faradic  reactions 
at  0.60  V  and  0.52  V  for  manganese  cation  oxidation  and  reduc¬ 
tion,  respectively  (Fig.  3,  black  curves).  This  definitively  confirms 
intercalation/deintercalation  of  alkali  cations  from  the  electrolyte 
to  be  associated  to  the  charge  compensation  in  charge-discharge 
redox  reactions.  For  this  reason,  the  higher  maximum  variation 
in  d-spacing  obtained  within  a  cycle  in  LiCl  is  attributed  to  a 
higher  insertion/extraction  rate  of  Li+,  which  provides  more  of 
pseudocapacitive  contribution  to  the  electrode  [24].  In  addition, 
the  more  pronounced  redox  peaks  observed  on  the  CV  curve  of 
Mn02  birnessite  in  LiCl  electrolyte  (Fig.  3b,  black  curve)  imply  that 
the  charge  delivered  by  the  intercalaction/deintercalation  process 
of  Li+  is  higher  than  that  of  I<+  cations.  In  contrast,  Mn4+/Mn3+ 
redox  reactions  have  a  limited  impact  on  the  birnessite  layer  struc¬ 
ture  since  Mn— Mn  distances  remain  unchanged  as  demonstrated 
by  the  stability  of  the  (110)  d-spacing  at  2.48  A  all  along  the 
charge-discharge  cycle. 

3.4.  Mn02  H-spinel 

The  XRD  pattern  of  the  spinel  phase  (Fig.  A.2)  confirms  the  for¬ 
mation  of  the  3D  tunneled  cubic  structure  (JCPDS  44-0992)  by  the 
presence  of  peaks  at  d-spacings  =  4.6  (1  1  1),  2.4  (3  1  1),  2.3  (2  2  2), 
2.0  (4  0  0),  1 .8  (3  3  1 ),  1 .5  (5  1  1 )  and  1 .4  A  (4  4  0).  During  the  voltam¬ 
metry  cycling,  the  main  changes  in  peak  positions  concern  the 
(111)  crystalline  planes.  Flowever,  (2  2  2)  as  well  as  (40  0)  planes 
experience  moderate  peak  shifts  too,  while  (311)  plane  position  is 
not  affected  by  the  charge  state.  The  variation  of  the  lattice  spac¬ 
ing  for  the  (111)  reflection  of  Mn02  spinel  is  depicted  in  Fig.  6  as  a 
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Applied  potential  (V  vs.  Ag/AgCI) 


Fig.  6.  Variation  of  the  (111)  Bragg  peak  of  Mn02  spinel-based  electrode  during  the 
course  of  a  CV  scan  recorded  in  the  presence  of  1  M  KC1  or  LiCl  aqueous  solutions. 


function  of  the  applied  potential.  As  for  Mn02  birnessite,  immersion 
into  LiCl  or  KCl  electrolytes  promotes  drastic  increases  in  the  (111) 
d-spacing  even  before  cycling.  A  similar  increase  is  observed  for 
other  peaks  of  the  pristine  dry  Mn02  spinel.  This  increase  of  the  lat¬ 
tice  spacing  demonstrates  the  hosting  capabilities  of  Mn02  spinel 
supported  by  its  remarkable  ionic  conductivity  (0.017  S  cm-1 )  [12]. 
As  shown  in  Fig.  lb,  the  size  of  the  structural  cavities  in  Mn02 
spinel  is  about  2.9  A,  which  tends  to  be  too  small  in  comparison 
to  the  size  of  hydrated  K+(H20)x  and  Li+(H20)x  cations  as  well  as 
C1_(H20)X  anions  (6.3  A).  It  could  however  accept  water  molecules 
(2.78  A).  The  diffusion  of  alkali  cations  in  Mn02  spinel  is  only  pos¬ 
sible  as  desolvated  species.  Alkali  cations  are  then  located  in  Td 
sites  but  can  eventually  share  Oh  sites  in  a  lesser  extent.  The  size 
of  the  Td  site  at  1.94  A  is  large  enough  to  allow  the  insertion  of  I<+ 
cations  (ionic  radius:  1.51  A)  as  well  as  Li+  cations  (ionic  radius: 
0.73  A)  [31].  Mn02  spinel  is  known  for  its  ion  exchange  capac¬ 
ity  and  is  a  remarkable  host  structure  for  alkali  or  alkaline-earth 
cations  giving  rise  to  a  large  family  of  AxMn02  (A  =  Li,  Na,  K,  Mg, 
Ca,  Sr)  phases  of  various  compositions  [32,33].  After  immersing 
the  as-prepared  protonated  spinel  based  electrode  into  the  elec¬ 
trolyte  solutions,  the  (111)  d-spacing  increases  by  +3.5%  in  LiCl 
and  2.5%  in  KCl  (Fig.  6).  These  changes  originate  from  proton  to 
lithium  and  potassium  ion  exchanges,  respectively.  The  exchange 
capacity  of  Mn02  spinel  towards  Li+  and  K+  depends  on  hydration 
energies  of  these  alkali  species  in  the  aqueous  phase  (—511  kj  mol-1 
and  -321  kjmol-1,  respectively  [34])  and  is  obviously  greater  for 
Li+  than  for  I<+  [32].  Comparatively,  a  larger  amount  of  Li+  than 
K+  is  inserted  upon  immersion  in  the  electrolyte  solutions.  Alkali 
cation  insertion  causes  a  decrease  in  the  water  content  because 
of  H+/A+  (A+  =  Li+  or  K+)  ion  exchange  reaction  and/or  of  the  steric 
exclusion  of  water  molecules  out  from  the  structure  cavities.  More 
interestingly,  it  also  promotes  the  reduction  of  Mn(IV)  to  Mn(III) 
in  the  solid  phase  which  is  actually  responsible  for  the  observed 
increase  in  the  (111)  d-spacing  since  Mn— 0  distances,  and  conse¬ 
quently  the  crystal  lattice,  strongly  depend  on  Mn  oxidation  state: 
d(Mn(III)-0)  =  2.01  A  while  d(Mn(IV)-0)  =  1.91  A  [35].  The  larger 
amount  of  Li+  exchanged,  compared  to  I<+,  account  for  the  corre¬ 
sponding  larger  (1 1 1)  d-spacing  increase. 

Figs.  6  and  A.5  indicate  that  the  spinel  d-spacing  variations  fol¬ 
low  the  same  trend  during  the  voltammetric  cycling  in  the  presence 
of  KCl  or  LiCl  solutions.  The  lattice  spacing  decreases  during  the 
anodic  scan,  while  roughly  increases  during  the  cathodic  scan  to 
regain  its  initial  value.  During  the  anodic  scan  of  the  spinel  elec¬ 
trode,  the  oxidation  of  Mn3+  results  in  the  contraction  of  (1 1 1) 
planes  and  in  a  lower  extent  the  (2  2  2)  and  (40  0)  planes  of  the 


Table  1 

Variations  of  c  and  a  parameters  for  Mn02  cryptomelane  calculated  from  (002)  and 
(2  00)  d-spacings,  respectively. 


Sample  type 

c(  A) 

Ac/co  (%) 

a  (A) 

A a/a0  (%) 

Dry  fresh  powder 

2.854 

- 

9.823 

- 

Fresh  electrode  in  LiCl 

2.856 

-0.08 

9.811 

-0.12 

Fresh  electrode  in  KCl 

2.852 

0.08 

9.823 

<-0.01 

Co  and  ao  represent  the  cell  parameters  from  fresh  powders  along  c-axis  and  a-axis, 
respectively. 


spinel  phase.  However,  there  is  no  obvious  oxidation  nor  reduc¬ 
tion  peaks  observed  on  Mn02  spinel  CV  (Fig.  3,  red  curves)  and  the 
short  plateau  at  the  beginning  of  the  anodic  scan,  up  to  0.4  V  in  LiCl 
and  0.2  V  for  KCl  in  Fig.  6  could  not  unambiguously  be  associated 
to  any  Mn4+/Mn3+  redox  reactions.  Origins  from  energy  barrier  of 
nucleation  for  expanded  structure  domain  can  be  suggested.  When 
the  potential  is  swept  to  the  cathodic  direction,  the  structure  keeps 
on  contracting  at  potentials  down  to  0.8  V.  Below  this  potential, 
the  decrease  of  (1 1 1 )  d-spacing  is  characteristic  of  the  contraction 
of  the  lattice  undergoing  the  reduction  of  Mn4+  to  Mn3+.  The  con¬ 
traction  at  the  beginning  of  the  cathodic  scan  could  be  associated 
to  structural  distortions  along  the  Jahn-Teller  quantification  axis 
(very  strong  in  Mn3+  system  [36])  or  to  Mn3+  anti-site  defects  [37]. 
Fig.  6  indicates  that  the  variation  of  lattice  spacing  within  a  cycle  is 
fully  reversible  and  slightly  larger  in  aqueous  KCl  (0.062  A)  than  in 
LiCl  solution  (0.048  A).  These  weak  amplitude  changes,  compared 
to  those  observed  for  Mn02  birnessite,  confirm  that  the  maximum 
variation  in  lattice  parameters  is  roughly  independent  to  the  size 
of  inserted  cations  with  respect  to  the  size  of  the  Td  site.  Never¬ 
theless,  the  current  intensity  observed  on  the  spinel  CV  curve  in 
KCl  is  indeed  greater  than  that  in  LiCl  (Fig.  3,  red  curves),  attesting 
a  higher  capacitance  delivered  in  the  former  case.  A  larger  capac¬ 
itance  in  KCl  than  in  LiCl  could  originate  from  a  larger  amount  of 
Mn(III)  oxidized  to  Mn(IV)  then  leading  to  a  larger  variation  in  the 
(111)  d-spacing. 

3.5.  Mn02  Na-cryptomelane 

The  cryptomelane  XRD  pattern  (Fig.  A.2)  shows  typical  reflec¬ 
tions  of  the  2x2  channeled  Mn02  (JCPDS  29-1020)  located  at 
d-spacings  =  6.9  (1  1  0),  4.9  (2  0  0),  3.1  (3  1  0),  2.4  (21  1),  2.1  (3  01), 
1.8  (41 1)  and  1.4  A  (0  0  2).  Mn02  cryptomelane  was  prepared  by 
thermal  treatment  of  NaxMn02-birnessite  [19,38].  Its  structure  is 
formed  through  roughly  squared  channels  along  the  b-axis.  Those 
are  built  by  2  x  2  edge-sharing  Mn06  octahedra  (Fig.  1  c).  The  size  of 
the  channels  ranges  from  5.0  A  (edge)  to  6.3  A  (diagonal).  The  in  situ 
synchrotron  XRD  investigation  of  Mn02  cryptomelane  is  based  on 
the  (0  0  2),  (21  1),  (2  0  0)  and  (1 1  0)  reflection  planes.  Fig.  7  sum¬ 
marizes  the  d-spacings  data  for  the  as-prepared  electrode  cycled  in 
LiCl  or  KCl  solutions.  After  immersion  into  the  electrolytes,  the  crys¬ 
tal  structure  (tetragonal)  of  the  pristine  Na-cryptomelane  remains 
basically  the  same  but  there  are  slight  changes  in  the  d-spacing 
series.  As  shown  in  Table  1  and  Fig.  7a,  the  crystallographic  cell 
was  found  to  enlarge  slightly  along  the  c-axis  ((0  0  2)  planes)  in  the 
presence  of  KCl  (+0.08%)  and  contract  of  the  same  magnitude  in 
the  presence  of  LiCl  solution  (-0.08%).  On  the  other  hand,  the  a  cell 
parameter  (calculated  from  (2  0  0)  d-spacings)  contracts  a  bit  more 
in  LiCl  solution  (-0.12%)  while  remaining  in  KCl  electrolyte.  There 
is  definitely  an  extent  of  ionic  exchange  upon  immersion  of  the 
dry  powder  into  the  electrolyte.  The  channel  dimensions  are  large 
enough  to  host  hydrated  Li+  or  K+  (2.25  and  2.92  A  respectively) 
as  well  as  water  molecules  (2.8  A).  For  this  reason,  the  shortening 
along  both  a-axis  and  b-axis  by  immersion  in  LiCl  electrolyte  likely 
results  from  ion  exchange  of  Na+  for  Li+  within  the  2x2  cavity.  Thus, 
the  exchange  process  involves  the  diffusion  of  alkali  cations  within 
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Fig.  7.  Variations  of  (a)  (002),  (b)  (211),  (c)  (2  00)  and  (d)  (1 1  0)  Bragg  peaks  of  Mn02  cryptomelane-based  electrode  during  the  course  of  a  CV  scan  recorded  in  the  presence 
of  1  M  KC1  or  LiCl  aqueous  solutions. 


the  lattice  and  is  evidenced  by  the  consistent  shortening  in  lat¬ 
tice  parameters  in  LiCl  electrolyte.  In  the  same  way,  ion  exchanges 
from  Na+  to  I<+  promoted  by  immersion  in  KC1  electrolyte  induce 
the  observed  increase  in  the  (2  0  0)  d-spacing  while  effect  on  (0  0  2) 
d-spacing  is  rather  limited. 

Figs.  7  and  A.6  confirm  that  d-spacings  of  all  planes  follow 
the  same  trend:  they  typically  increase  during  the  cathodic  scan, 
while  decrease  during  the  anodic  scan.  However,  some  exceptions 
occur  upon  potential  reversal.  For  example,  the  d-spacing  decreases 
rather  than  increases  when  the  potential  scan  is  switched  from 
being  anodic  to  cathodic  within  1. 0-0.8  V.  On  the  other  hand,  the 
d-spacing  increases  or  remains  unchanged  rather  than  decreases 
when  the  potential  change  from  0.0  V  to  0.2  V.  Overall,  all  these 
irregular  trends  occurring  at  the  potential  ends  cause  large  hys¬ 
teresis  in  d-spacing  for  all  crystal  planes  during  the  cycling. 

The  “breathing”  process  of  the  cryptomelane  structure  is  obvi¬ 
ously  more  complex  than  either  birnessite  and  spinel  Mn02  phases. 
Fig.  7a  and  b  demonstrates  that  (0  0  2)  and  (211)  planes  firstly 
expand  from  0  to  0.2  V  and  then  contract  during  the  anodic  scan. 
During  the  cathodic  scan,  these  processes  are  inversed  since  the 
contraction  occurred  in  a  first  step.  For  the  (110)  and  (2  0  0)  reflec¬ 
tions  (Fig.  7c  and  d),  both  associated  to  a  (and  b)-axis,  only  a 
contraction  occurs  during  the  anodic  scan  since  corresponding 
d-spacings  remain  unchanged  until  above  0.4-0.6V.  This  poten¬ 
tial  region  corresponds  to  major  increases  of  the  anodic  current 
in  the  cryptomelane  CV  curves  (Fig.  3,  blue  curves).  A  similar 
phenomenon  was  also  observed  for  the  birnessite-based  elec¬ 
trode  along  the  c-axis  (Fig.  4).  Intercalation/deintercalation  of  alkali 
cations  from  the  electrolyte,  associated  to  the  charge  compen¬ 
sation  in  charge-discharge  redox  reactions,  can  reasonably  be 
pointed  out  [39].  When  the  potential  is  reversed  to  the  cathodic 
direction,  the  cryptomelane  contraction  continues  until  0.8-0.6V, 


where  the  swelling  process  begins.  Likewise  Mn02 -spinel,  this 
“extra”  contraction  could  be  associated  to  Jahn-Teller  induced 
structural  distortions.  At  the  end  of  the  cathodic  scan,  the  (110) 
and  (2  0  0)  planes  regain  their  initial  d-spacings.  The  extent  of  lat¬ 
tice  parameter  variations  reach  0.25-0.28%  during  cycling  in  KCl, 
which  is  more  than  two  times  (0.12%)  that  resulting  from  the  ionic 
exchange  (immersion)  in  LiCl.  Such  a  behavior  results  from  a  larger 
capacitance  in  KCl  than  in  LiCl,  as  evidenced  by  the  CV  data  (Fig.  3, 
blue  curves).  Accordingly,  the  charge  storage  mechanism  observed 
in  this  material  likely  involves  bulk  insertion/deintercalation  of 
alkali  cations. 

3.6.  Mn02  OMS-5 

The  formation  of  Na-OMS-5  phase  is  confirmed  by  the  XRD  pat¬ 
tern  shown  in  Fig.  A.2  with  diffraction  peaks  at  d-spacings  =  7.0 
(2  0  0),  5.8  (0  0 4),  3.4  (4  0  0),  3.3  (40  2),  2.5  (31  1),  2.3  A  (6  0  0)  [40]. 
The  structure  is  built  through  2x4  channels  of  rectangular  shape 
with  1  =  9.9  A  and  /  =  5.4A,  at  first  sight  large  enough  to  host  LiCl 
as  well  as  KCl  electrolyte  species.  Fig.  8  depicts  the  increase  of  the 
(00  2)  and  (2  0  0)  d-spacings,  along  c-  and  a-axes  respectively,  after 
immersing  the  as  prepared  Na-OMS-5-based  electrode  into  LiCl  or 
KCl  solutions  (Fig.  If).  The  electrode  immersion  directly  impacts  on 
the  channel  size  since  (0  0  2)  d-spacing  corresponds  to  the  largest 
section,  L,  of  the  channel  while  (2  0  0)  peak  corresponds  to  the  low¬ 
est  section,  /.  The  same  increase  (+1.1%)  is  measured  for  the  (0  0  2) 
d-spacing  in  the  presence  of  both  electrolyte  solutions  (Fig.  8a) 
demonstrating  a  limited  size  effect  thanks  to  the  large  L  dimension 
towards  Li(H20)x+,  K(H20)/  or  water  molecules.  In  contrast,  the 
(2  0  0)  d-spacing  increases  by  +1 .7%  and  +1 .2%  in  LiCl  and  KCl  solu¬ 
tions,  respectively  (Fig.  8b).  Likewise  Mn02-birnessite,  the  higher 
increase  reached  in  LiCl  suggests  a  better  ion  exchange  capability 


0.  Ghodbane  et  al.  /  Journal  of  Power  Sources  206  (2012)  454-462 


461 


Fig.  8.  Variation  of  (a)  (002)  and  (b)  (2  0  0)  Bragg  peaks  of  Mn02  OMS-5-based  electrode  during  the  course  of  a  CV  scan  recorded  in  the  presence  of  1  M  KC1  or  LiCl  aqueous 
solutions. 


of  OMS-5  towards  Li+  than  I<+.  The  increases  of  d-spacings  upon 
the  electrode  immersion  however  confirm  the  ability  of  OMS-5  to 
accommodate  hydrated  alkali  cations  in  the  large  2x4  channels, 
as  supported  by  its  relevant  ionic  conductivity  at  0.02  S  cm-1  (the 
highest  in  the  studied  Mn02  allotropes  [12]).  It  should  be  noticed 
that  the  swelling  of  2  x  4  channels  observed  in  the  presence  of 
KCl  is  almost  the  same  along  the  I  or  L  channel  section  (+1.2  vs. 
+1.1%).  However,  in  the  presence  of  LiCl,  the  intercalation  process 
of  Li+  hydrated  cations  imposes  a  larger  constraint  in  the  small¬ 
est  channel  section,  l,  than  in  the  largest  section,  L  (+1.7  vs  +1.1%) 
which  accommodates  species  intercalation  more  easily.  For  both 
(0  0  2)  and  (2  0  0)  reflection  planes,  d-spacings  decrease  when  the 
potential  is  swept  in  the  anodic  direction  (Fig.  A.7).  As  for  Mn02- 
cryptomelane,  this  behavior  results  from  the  deintercalation  of 
alkali  cations  during  the  oxidation  of  Mn3+  to  Mn4+.  The  maximum 
variations  for  the  (0  0  2)  reflection  plane  are  estimated  at  0.52%  in 
the  presence  of  LiCl  and  KCL  For  the  (2  0  0)  reflection  plane,  the  max¬ 
imum  variations  are  about  0.42  and  0.20%  in  LiCl  and  KCl  solutions, 
respectively.  This  discrepancy  in  L  and  l  changes  demonstrates  an 
anisotropic  distortion  of  the  channel  during  charge/discharge.  Sur¬ 
prisingly,  the  changes  of  the  2x4  OMS-5  cavity  are  more  important 
following  its  large  width,  I,  rather  than  its  short  one,  1.  In  LiCl  solu¬ 
tion,  the  (0  0  2)  d-spacing  continually  decreases  during  the  entire 
anodic  scan  (Fig.  8a),  while  the  (2  0  0)  d-spacing  remains  the  same 
in  the  0.1 -0.9  V  range:  cation  desintercalation  mostly  affect  the 
channel  size  in  its  largest  section.  While  the  structural  changes 
are  fully  reversible  in  LiCl  (Fig.  A.7b  and  d),  irreversible  changes 
in  lattice  parameters  occur  when  the  electrode  is  cycled  in  KCl 
(Fig.  A.7a  and  c).  Here  again  size  effects  are  pointed  out:  thank  to 
their  small  size  Li+(H20)x  cations  are  easily  and  reversibly  inter¬ 
calated  into  the  structure  all  over  the  charge/discharge  process.  In 
contrast,  in  KCl,  unexchanged  hydrated  sodium  cations  [19,38]  are 
deintercalated  from  the  cavity  of  the  pristine  OMS-5  during  the 
first  oxidation  step  (anodic  scan),  while  K+(H20)x  are  not  inserted 
during  the  subsequent  reduction  step  (cathodic  scan).  This  behavior 
may  be  explained  by  the  larger  size  of  K+(H20)4  (2.92  A)  and  despite 
the  cavity  sizes  of  Mn02  OMS-5  (Fig.  If).  This  latter  point  explain 
the  discrepancies  upon  immersion  of  the  OMS-5  based  electrode 
in  LiCl  and  KCl:  as  hydrated  Na+  are  fully  exchanged  by  Li+(H20)x 
inside  the  cavities  thanks  to  the  ion  exchange  capabilities  of  OMS- 
5,  immersion  in  KCl  only  promotes  the  hydration  of  Na+  without 
any  exchange. 

Although  for  both  cryptomelane  and  OMS-5,  charge/discharge 
processes  involve  intercalation/deintercalation  of  hydrated  elec¬ 
trolyte  cations  into/from  their  ID  channels,  the  observed 
irreversibility  in  the  case  of  OMS-5  operated  in  KCl  electrolyte 


points  out  the  main  difference  between  these  two  Mn02  phases: 
despite  a  larger,  and  eventually  more  flexible  cavity,  OMS-5  can¬ 
not  accommodate  K+(H20)x  size  while  cryptomelane  easily  does. 
On  the  other  hand,  the  relatively  low  current  intensities  of  redox 
waves  observed  on  the  CV  curve  of  Mn02  OMS-5  (Fig.  3,  purple 
curves)  does  not  allow  any  structural  relationship  between  the 
deintercalation/insertion  process  and  the  oxidation/reduction  of 
Mn3+/Mn4+. 


4.  Conclusions 

Despite  electrochemical  performances  of  roughly  the  same 
level,  the  four  studied  Mn02  allotropes  display  distinct  charge  stor¬ 
age  mechanisms  closely  related  to  their  structural  arrangement. 
As  evidenced  by  in  situ  synchrotron  XRD  measurements,  a  specific 
“breathing”  of  each  Mn02  structure  occurs  upon  charge/discharge 
cycling  and  mechanisms  all  involve  Mn(III)/Mn(IV)  redox  reac¬ 
tions  inducing  (i)  electrolyte  cation  intercalation/deintercalation 
or  insertion/desinsertion  for  charge  compensation  and  (ii) 
metal— oxygen  bond  distance  changes.  For  the  2D  Mn02-birnessite, 
the  structural  breathing  in  the  c-axis  direction  comes  from 
the  modulation  of  the  electrostatic  interaction  between  neg¬ 
atively  charged  layers  and  intercalated  hydrated  cations  from 
the  electrolyte.  Drastic  changes  in  the  compact  3D  structure  of 
Mn02-spinel  are  induced  by  Mn(III)/Mn(IV)  redox  reaction  through 
changes  in  metal— oxygen  bond  length.  In  contrast,  dehydrated 
electrolyte  cations  lying  in  the  Td  sites  have  limited  structural 
impact.  For  Mn02 -cryptomelane  as  well  as  for  Mn02-0MS-5, 
charge  compensations  proceed  by  intercalation/deintercalation 
of  hydrated  cations  in  the  ID  channels  driven  by  size/steric 
considerations. 


Acknowledgments 

The  authors  thank  the  Centre  National  de  la  Recherche  Scien- 
tifique  (CNRS)  and  the  Agence  Nationale  de  la  Recherche  (ANR) 
for  financial  support  through  the  ABHYS  project  and  Marie-Liesse 
Doublet  (ICGM)  for  the  helpful  discussions. 


Appendix  A.  Supplementary  data 

Supplementary  data  associated  with  this  article  can  be  found,  in 
the  online  version,  at  doi:  10.1 01 6/j.jpowsour.201 2.01. 103. 
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